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WKHLQGXVWU\IRUVXFKWDVNV7KH\KRZHYHURIWHQIDOOVKRUWRIVRPHGHVLUDEOHSURSHUWLHVNQRZQIURPPHWDOOLFMRLQWV
UHJDUGLQJORQJWHUPVWDELOLW\UDGLDWLRQUREXVWQHVVDQGRXWJDVVLQJLQYDFXXPHQYLURQPHQWV%HFNHUWHWDO
0HWDOEDVHGVROGHULQJLVDYHUVDWLOHDOWHUQDWLYHRIIHULQJVHYHUDODGYDQWDJHVRYHUVXFKDGKHVLYHV$VROGHUMRLQWLV
XVXDOO\IRUPHGEHWZHHQWKHVROGHUDQGRQHRUPRUHPHWDOOLFVXUIDFHVXVLQJKHDWDQGSUHVVXUHFUHDWLQJQHZDOOR\VRQ
WKH FRQWDFW VXUIDFHVZKLFK LV FDOOHG OD\HU RI LQWHUPHWDOOLF FRPSRXQGV ,0&7KHZLGH XVH RI D ODUJH YDULHW\ RI
VROGHULQWKHHOHFWURQLFLQGXVWU\GXHWRLWVORZFRVWYDULDEOHPHFKDQLFDODQGH[FHOOHQWHOHFWULFDOSURSHUWLHVOHDGWRD
ZHOONQRZQ ERQGLQJ V\VWHP IRU D EURDG UDQJH RI DSSOLFDWLRQV $IWHU WKH UHVWULFWLRQ RI OHDG XVDJH IRU LQGXVWULDO
DSSOLFDWLRQV GXH WR HQYLURQPHQWDO DQGKHDOWK FRQFHUQV GLIIHUHQW SURPLVLQJ VROGHU V\VWHPV OLNH6Q$J&X 6$&
UHSODFHG WKHIRUPHUO\XVHG6Q3EVROGHUDOOR\V'LIIHUHQWYDULDWLRQVRI WKLVV\VWHPLQFOXGLQJ6Q$J&X
6$& 6Q$J&X 6$& 6Q$J&X 6$& RU 6Q$J&X 6$&
ZHUHSURSRVHGIRUWKHLUGLIIHUHQWVWUHQJWKVUHJDUGLQJPHOWLQJWHPSHUDWXUHVROGHUDELOLW\RUVXUIDFHZHWWLQJSURSHUWLHV
FRPSDUHGWRRWKHUOHDGIUHHVROGHUV0DHWDO
7KHGLIIHUHQWHIIHFWVRIDJLQJRQVROGHUMRLQWVZHUHGLVFXVVHGHDUO\QDPHO\VROGHUMRLQWIDWLJXHEHLQJRQHRIWKH
PRVWFRPPRQIDLOXUHVLQHOHFWURQLFSDFNDJHVDIWHUWKHUPDOF\FOLQJ,WLVZHOONQRZQWKDWVROGHUMRLQWVZLOOFRQVWDQWO\
FKDQJH RQ DPLFURVFRSLF DQGPDFURVFRSLF OHYHO XVXDOO\ ORVLQJ DQ DPRXQW RI WKHLU XOWLPDWH VWUHQJWK RYHU WLPH
=KRQJDQG<L7KLVFDQEHH[SODLQHGE\IRUPDWLRQRIGLIIHUHQWPLFURVWUXFWXUDODOOR\VLQWKH,0&ZKLFKFDQ
IRUH[DPSOHUHVXOW LQIDVWHUSURSDJDWLRQRIPLQLDWXUHFUDFNVDQGHYHQWXDOO\IDLOXUHRI WKHMRLQW/DPSHDQG
&KRX  2QH PDLQ GLIILFXOW\ KLQGHULQJ FRPSDUDELOLW\ DQG UHXVDELOLW\ IRU DOO ZRUN GRQH LQ WKH ILHOG RI
FKDUDFWHUL]LQJVROGHUDUHWKHPDQLIROGDSSURDFKHVWRSUHSDUHWHVWVSHFLPHQWKDWQRWRQO\UHIOHFWDFHUWDLQXVHFDVHEXW
WUXHVROGHUPDWHULDOSURSHUWLHV)RUPHUZRUNLVRIWHQEDVHGRQVWDQGDUGL]HGWHQVLOHEDUVZKLFKDUHELJFRPSDUHGWR
WKHDPRXQWRIVROGHUQHFHVVDU\IRUMXQFWLRQVEHWZHHQPLFURRSWLFDOFRPSRQHQWVOLNHHJLQ$PDJDLHWDORU
$QGHUVRQDQG+DUULQJD%HFDXVHRIWKHFRQVHTXHQWO\ORZHUKHDWFDSDFLWLHVVXFKMXQFWLRQVXQGHUJRHJIDVWHU
FRROLQJDQGSRVVLEO\\LHOGGLIIHUHQWFKDUDFWHULVWLFV
+\EULGRSWLFDOV\VWHPV LQSDUWLFXODUEULQJVRPHDGGLWLRQDO UHTXLUHPHQWVVLQFHQRQPHWDOOLFRSWLFDOPDWHULDOVDV
JODVV DUHXVXDOO\QRWGLUHFWO\ VROGHUDEOH$SRVVLEOHZD\ WR DFKLHYH D VROGHUDEOH VWDWH LV WR FRDW D VXUIDFHZLWK D
PHWDOOLF OD\HUV\VWHPZKLFKSURPRWHVZHWWDELOLW\7KLV LVGRQH ORFDOO\ VLQFHRSDTXHVXUIDFHVDUHQRWDSSOLFDEOH LQ
OLJKWEHDPSDWKV$OVRDGGLWLRQDOWHQVLRQLQRSWLFDOPDWHULDOVKDVWREHDYRLGHGWRSUHYHQWGHVWUXFWLRQRUDOWHULQJRI
RSWLFDO SURSHUWLHV /DVHUEDVHG 6ROGHUMHW %XPSLQJ LV D WHFKQRORJ\ SURYLGLQJ ORFDOO\ UHVWULFWHG HQHUJ\ LQSXW WR
SUHYHQW FRPSRQHQWGDPDJHZKLOVW DOORZLQJSUHFLVHDQG IOH[LEOHSRVLWLRQLQJRIPLQLDWXUH VROGHU MRLQWV7KHVHFDQ
DOVRH[KLELWDVLJQLILFDQWO\KLJKHUXOWLPDWHVWUHQJWKWKDQVROGHUMRLQWVIURPFRQYHQWLRQDOUHIORZSURFHVVHV'LQJHWDO

([SHULPHQWDOSURFHGXUHV
2.1. Solderjet Bumping and specimen preparation 
6ROGHUMHW%XPSLQJ LV D ODVHUEDVHG SURFHVV VFKHPDWLFDOO\ VKRZQ LQ ILJ D WR SUHFLVHO\ DSSO\ VLQJOH VROGHU
EXPSVWRDPHWDOOLFVXUIDFHRULJLQDOO\GHYHORSHGIRUIOLSFKLSDVVHPEO\3UHIRUPHGVROGHUEDOOVRIGLDPHWHUVUDQJLQJ
IURPP WRPDQGPDWHULDOV UDQJLQJ IURP ORZPHOWLQJ6Q%L6$& WRKLJKPHOWLQJ$X6Q$X*HRU$X6L
DOOR\VFDQEHXVHG7KH\DUHSURYLGHGLQDUHVHUYRLUWREHVLQJXODUL]HGDQGWUDQVSRUWHGLQWRDSODFLQJFDSLOODU\7KLV
FDSLOODU\LVFRQLFDOO\IRUPHGDWWKHWLSVRWKDWDVLQJOHVROGHUEDOOIRUFHGE\DSSOLHGQLWURJHQSUHVVXUHZLOOEHKHOGLQ
SODFHWKHUH7KHFDSLOODU\LVWKHQPRYHGWRWKHGHVLUHGSRVLWLRQZKHUHWKHVROGHUEXPSVKRXOGEHDSSOLHGHJE\D
VL[D[LV URERWRU DJDQWU\ V\VWHP ,Q WKLV VLWXDWLRQD IRFXVHG ODVHUSXOVHRIZLGWKݐ௉DQG ODVHU FXUUHQWܫLVXVHG WR
UHIORZWKHVROGHU7KHQLWURJHQZLOOHMHFWWKHPROWHQVROGHUWRZDUGVWKHVXEVWUDWHZKHUHDERQGJHWVIRUPHGZKLOH
DOVRSURYLGLQJDQLQHUWDWPRVSKHUH2QDIODWVXUIDFHDQGZLWKDYHUWLFDOO\SRVLWLRQHGFDSLOODU\DVROGHUEXPSZLWK
URXJKO\VSKHULFDOFDSJHRPHWU\LVIRUPHG3UHFLVHZHWWLQJEHKDYLRUGHSHQGVRQODVHUHQHUJ\QLWURJHQSUHVVXUHDQG
WKHVXUIDFHZHWWLQJEHKDYLRU
6SHFLPHQGHVLJQIRUDPHGLXPVL]HDJLQJH[SHULPHQWWDFNOHVWZRPDMRUSUREOHPV2QRQHKDQGWKHVDPSOHVL]H
IRUDVLQJOHGDWDSRLQWKDVWREHODUJHHQRXJKWREHVWDWLVWLFDOO\VLJQLILFDQWEXWVPDOOHQRXJKWRDOORZDODUJHUDPRXQW
RIGLIIHUHQWWHVWHGSDUDPHWHUVHWV)URPSUHYLRXVH[SHULPHQWVLWZDVGHGXFHGWKDWVDPSOHVL]HVELJJHUWKDQVROGHU
EXPSVDUHQHFHVVDU\WRJDLQUHSURGXFLEOHDQGVLJQLILFDQWPHFKDQLFDOUHVXOWV)RUWKHVHUHDVRQVVTXDUHVXEVWUDWHVRI
PPVLGHOHQJWKZHUHSURGXFHGWRKROGDQDUUD\RIVHYHQWLPHVHLJKWVROGHUEXPSVVHHILJEDQGILJD
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,Q WKHSUHVHQWHGVWXG\ WKUHHGLIIHUHQW VXEVWUDWHVZHUHXVHG%252)/2$7ERURVLOLFDWHJODVVE\6&+277
PP WKLFNQHVV SODLQPLFURVFRSH VOLGHV E\ WKH SURYLGHU9:5 VRGD OLPH JODVV RI PP WKLFNQHVV DQG DQ
RSDTXH EXW QRQPHWDOOLF $O2 FHUDPLF PP WKLFNQHVV ,Q SUHSDUDWLRQ IRU WKH VROGHULQJ SURFHVV WKHVH ZHUH
FOHDQHGLQDPXOWLVWDJHDTXHRXVVXUIDFWDQWEDVHGFOHDQLQJSURFHVVDQGWKHQFRDWHGZLWKD7L3W$XOD\HUV\VWHPRI
OHVV WKDQ P WKLFNQHVV LQ D '&PDJQHWURQ VSXWWHULQJ SURFHVV ,Q WKLV VWDWH VROGHU FDQ EH DSSOLHG E\ 6ROGHUMHW
%XPSLQJ%HFDXVHRIJRRGDYDLODELOLW\DQGZLGHXVDJH6$&VROGHUEDOOVRIPGLDPHWHUZHUHFKRVHQDQG
EXPSHGYHUWLFDOO\ZLWKPGLVWDQFHEHWZHHQFDSLOODU\DQGVXEVWUDWHVXUIDFH
2.2. Aging and shear testing procedure 
'LUHFWO\DIWHUDSSO\LQJVROGHUEXPSVWKHVSHFLPHQVZHUHVWRUHGHLWKHULQDGU\DLUFXSERDUGDWURRPWHPSHUDWXUHRU
LQDQRYHQDW&%DOOVKHDUWHVWLQJDVVFKHPDWLFDOO\VKRZQLQILJDLVDPHWKRGURXWLQHO\XVHGWRLQYHVWLJDWH
PHFKDQLFDO VWUHQJWK RI VR FDOOHG EDOO JULG DUUD\V %*$ $ IRUFHܨ FDOOHG VKHDU ORDG LV DSSOLHG SDUDOOHO WR WKH
)LJ7KH6ROGHUMHW%XPSLQJSURFHVVD6FKHPDWLFRIWKH6ROGHUMHWERQGKHDGE3KRWRJUDSKRIWKHXVHGVHWXSVKRZLQJWKHERQGKHDGZLWK
DFWLYDWHGSLORWODVHUIRUSRVLWLRQLQJDQGWKHVSHFLPHQZLWKDVLPSOHKROGLQJDUUDQJHPHQWSLQKHDGIRUVFDOH


)LJ6KHDUWHVWLQJVHWXSLQGHWDLOD6FKHPDWLFRIDEDOOVKHDUWHVWLQSURJUHVV7KHPD[LPXPIRUFHLVDSSUR[LPDWHO\UHDFKHGDWWKHFHQWUHRI
WKHVROGHUEXPSE3KRWRJUDSKRIWKHVHWXSXVHGIRUWKLVVWXG\7KHVKHDUWRROLVDWWDFKHGWRDIRUFHPHDVXULQJV\VWHPDERYH7KHVSHFLPHQLV
NHSWLQSODFHRQDKHDWHGFKXFNDW&E\WKUHHPHWDOFODPSVWZRFHQWHXURFRLQIRUVFDOH

D E
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E
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VXUIDFHXQGHUWKHVXEVWUDWHE\DIODWVKHDUWRROLQKHLJKW݄ZKLOHFRQVWDQWO\PRYLQJZLWKDYHORFLW\ݒFDOOHGVKHDU
UDWHVRWKDWDVLQJOHVROGHUEXPSJHWVVKHDUHGRI7KHPHDVXUHPHQW\LHOGVDܨሺݔሻIRUFHRYHUZD\FKDUDFWHULVWLFDQG
OHDYHVSDUWRI WKH VROGHURI VKHDUDUHDܣRQ WKHVXEVWUDWH$SSUR[LPDWHO\DW WKHFHQWHURI WKHEXPS WKHPD[LPXP
VKHDU ORDGܨ௠௔௫ LV UHDFKHG 7KH VKHDU VWUHQJWK߬ ൌ ܨ௠௔௫ȀܣLV RIWHQ XVHG DV D PDWHULDO FKDUDFWHULVWLF SDUDPHWHU
DOWKRXJKLWLVNQRZQWKDW߬GHSHQGVRQRWKHUVKHDULQJSDUDPHWHUVOLNHVKHDUUDWHDVZHOO1DNDPRULHWDODQG
&KLDHWDO6RPHWLPHVWKHOHIWRYHUVROGHUIRUPVQRFRPSOHWHVRFNHWRIFLUFXODUVKDSHLIYLHZHGIURPDERYH
,QVWHDGWKHEXPSEUHDNVRIIDWVRPHSRLQWOHDYLQJRQO\SDUWRIWKLVFLUFOHEHKLQGVHHILJ)RUWKLVVWXG\DVKHDU
WHVWLQJPDFKLQHRIW\SH³'HOYRWHF3XOO6KHDUWHVWHU´ZDVXVHGZLWKDVKHDUWRRORIPPZLGWKDWDVKHDUUDWH
RI PāV DQG D GHILQHG VXEVWUDWH WHPSHUDWXUH RI & 7KH VHWXS LV VKRZQ LQ ILJ E 7KH VKHDU DUHDܣRI
OHIWRYHU VROGHU ZDV PHDVXUHG E\ DXWRPDWLFDOO\ SKRWRJUDSKLQJ WKH LQGLYLGXDO EXPSV DV VHHQ LQ ILJ  DQG XVLQJ
SURJUDPPDWLFLPDJHIHDWXUHGHWHFWLRQWRPHDVXUHWKHLUJHRPHWULHV
5HVXOWVDQGGLVFXVVLRQ
3.1. Shear testing and Solderjet Bumping parameters 
)LUVW D VHULHVRI H[SHULPHQWVZDVSHUIRUPHG WRGHILQH SDUDPHWHUV IRU WKH6ROGHUMHW%XPSLQJ DQG VKHDU WHVWLQJ
SURFHVVHV3RVVLEOHSDUDPHWHUVZHUHVHOHFWHGEDVHGRQNQRZQEHKDYLRUUHJDUGLQJEXPSJHRPHWU\DQGGDPDJHWRWKH
VXEVWUDWHV
)RUVDPSOHVL]HVDERYHEXPSVWKHGLVWULEXWLRQRIIRUFHVIRURWKHUZLVHLGHQWLFDOSURFHVVHGEXPSVFOHDUO\EHJDQ
WRVKRZWKHFKDUDFWHULVWLFRIDQRUPDOGLVWULEXWLRQILJD)RUVXFKEXPSVLWZDVKRZHYHUQRWSRVVLEOHWRVHH
DQ\UHODWLRQEHWZHHQWKHVOLJKWYDULDWLRQVLQVL]HDQGWKHYDULDWLRQRIPHDVXUHGVKHDUORDGVILJE
7KLV LQGLFDWHV WKDW WKH VDPSOH SUHSDUDWLRQZDV FDSDEOH RI SURGXFLQJ D ODUJHU QXPEHU RI JHRPHWULFDOO\ QHDUO\
)LJD6TXDUHVSHFLPHQRIPPVLGHOHQJWKZLWKDVHYHQWLPHVHLJKWVROGHUEXPSJULGPPSLWFKZHUHXVHG7KHFOHDUDQFHRQWKHOHIW
VLGHDOORZVPRXQWLQJLQWKHVKHDUWHVWHUSLQKHDGIRUVFDOHEFG7RSYLHZOLJKWRSWLFDOPLFURJUDSKVVKRZLQJOHIWRYHUVROGHUDIWHUVKHDU
WHVWLQJIRU%)VXEVWUDWHLQE$O2VXEVWUDWHLQFDQG$O2VXEVWUDWHDIWHUGD\VDW&LQG7KHVKHDUWHVWLQJGLUHFWLRQZDVOHIWWR
ULJKW7KHVDPSOHDJHGDWHOHYDWHGWHPSHUDWXUHVKRZVDGDUNULQJDURXQGWKHVROGHUEXPSZKLFKPLJKWEHDUHVXOWRIDPHWDOOLFGLIIXVLRQSURFHVV

)LJD$W\SLFDOGLVWULEXWLRQRIPD[LPXPVKHDUORDGVIRURQHVSHFLPHQZLWKVROGHUEXPSVIURPLGHQWLFDOFRQGLWLRQVLQFRPSDULVRQZLWKD
QRUPDOGLVWULEXWLRQE7KHUHODWLRQEHWZHHQWKHPHDVXUHGSDGDUHDDQGVKHDUORDGIRUWKHEXPSVRIWKLVVSHFLPHQF7KHUHODWLRQEHWZHHQ
VKHDUORDGDQGVKHDUKHLJKWIRURWKHUZLVHLGHQWLFDOVSHFLPHQVDQGVKHDUWHVWLQJSDUDPHWHUV7KHGDVKHGOLQHPDUNVDTXDGUDWLFUHODWLRQ

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 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
D E F G
536   Max Mäusezahl et al. /  Physics Procedia  83 ( 2016 )  532 – 539 
LGHQWLFDOVROGHUEXPSVVRWKDWRWKHUHIIHFWVGRPLQDWHWKHSURGXFHGVOLJKWYDULDWLRQRIPHDVXUHGVKHDUORDGV:KHQ
FKDQJLQJWKHVKHDUKHLJKWWKHVKHDUDUHDZDVDIIHFWHGDFFRUGLQJO\ILJFDQGDTXDGUDWLFUHODWLRQEHWZHHQܨ௠௔௫
DQG݄FRXOGEHPHDVXUHGZKLOHWKHVKHDUVWUHQJWK߬ሺܨ௠௔௫ǡ ܣሺ݄ሻሻVWD\HGQHDUO\FRQVWDQW
7RSHUIRUPVKHDUWHVWVWKHJHRPHWU\RIWKHEXPSVVKRXOGQRWEHWRRIODWVRWKDWWKHVKHDUWRROKDVHQRXJKDUHDWR
DSSO\DVWHDG\IRUFHRQWKHEXPS:KLOHWKHODVHUHQHUJ\DVWKHFRPELQHGUHVXOWRIODVHUFXUUHQWDQGSXOVHZLGWKLV
QRWDSHUIHFWLQGLFDWRUJHQHUDOO\KLJKHUODVHUHQHUJ\OHDGVWRIODWWHUEXPSJHRPHWU\EHFDXVHRILQFUHDVHGZHWWLQJ
%HFNHUWHWDO$QLQYHVWLJDWLRQRQFRDWHGVRGDOLPHJODVVVKRZHGWKDWORZHUODVHUHQHUJLHVGRQRWRQO\OHDG
WR VXFK IODWJHRPHWULHVEXWDOVRSURGXFHGEXPSVZLWKKLJKHU VKHDU VWUHQJWKDV OLVWHG LQ WDEOH7KLVPLJKWEHD
UHVXOWRIYDU\LQJIRUPHGPLFURVWUXFWXUDO6$&SKDVHVGHSHQGLQJRQXVHGHQHUJ\KHDWLQJWLPHDQGFRROLQJWLPH
)LQDOO\D ODVHUFXUUHQWRI$SXOVHZLGWKRIPVIRUWKHJODVVVXEVWUDWHVDQGDGLIIHUHQW ODVHUFXUUHQWRI$
SXOVHZLGWKRIPVIRU$O2WRSURGXFHVLPLODUJHRPHWULHVDVZHOODVDVKHDUKHLJKWRIPZHUHXVHGIRUWKH
IROORZLQJH[SHULPHQWV
7DEOH$FKLHYHGVKHDUVWUHQJWKVIRUGLIIHUHQW6ROGHUMHW%XPSLQJSDUDPHWHUVRQFRDWHGPLFURVFRS\VOLGHVDYHUDJHRYHUVROGHU
EXPSVHDFK
/DVHUSDUDPHWHUV
FXUUHQWSXOVHZLGWK
0HDVXUHGODVHU
HQHUJ\LQP-
'LDPHWHULQP 6KHDUVWUHQJWKLQ
03DDVVROGHUHG
6KHDUVWUHQJWKLQ
03DDIWHUG
$  PV    
$  PV    
$  PV    
$  PV    
$  PV    
$  PV    
3.2. Effects of aging and elevated temperature aging 
:KLOH DJLQJ DW URRP WHPSHUDWXUH WKH VROGHU EXPSV GLGQ¶W VKRZ YLVLEOH FKDQJHV XQGHU D OLJKW PLFURVFRSH
+RZHYHUWKHVROGHUEXPSVDJHGDWHOHYDWHGWHPSHUDWXUHEXWZHOOEHORZWKHPHOWLQJSRLQWRI6$&QHDUHXWHFWLF
VROLGXV & OLTXLGXV & KHUH & H[KLELWHG WZR YLVLEOH PRGLILFDWLRQV )LUVWO\ D GDUN ULQJ IRUPHG
DURXQGWKHVROGHUEXPSVHHILJGZKLFKJUHZRYHUWLPHDQGUHDFKHGDGLDPHWHUPRUHWKDQODUJHUWKDQWKH
VROGHUEXPSLWVHOIDIWHUGD\VDYHUDJHO\7KLVPLJKWEHGXHWRDQRQJRLQJGLIIXVLRQRI6Q$JRU&XLQWRWKH$X
FRDWLQJ OLNH LWKDSSHQVZKLOH WKHERQGLQJDQG WKH ,0&DUHFUHDWHG$GGLWLRQDO UHVHDUFK LV UHTXLUHG WRFODULI\ WKLV
EHKDYLRU6HFRQGO\ WKH VROGHUEXPSVXVXDOO\ ORRNHG VKLQ\DQG VPRRWKXQGHU DPLFURVFRSH$IWHUGD\VDJLQJ
XQGHU HOHYDWHG WHPSHUDWXUH FRQGLWLRQV WKH\ EHJDQ WR ORRN ³UDJJHG´ LQVWHDG RI VPRRWK HVSHFLDOO\ FORVH WR WKH
VXEVWUDWHVXUIDFH
)LJ'HYHORSPHQWRIVKHDUVWUHQJWKVRI6$&RQFRDWHG$O2VXEVWUDWHVIRUDWKHILUVWGD\VDQGEWKHZKROHH[SHULPHQW

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E
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$OO EXPSV H[KLELWHG DKLJK LQLWLDO VKHDU VWUHQJWK WKDW GHFUHDVHG UDSLGO\RYHU WKH ILUVW GD\V$IWHUZDUGV WKH
GHFUHDVH ZDV PXFK VORZHU 7KLV FDQ EH H[SODLQHG E\ WKH GHYHORSPHQW RI PLFURPHWDOOLF DOOR\V LQ WKH VROGHU
'LIIXVLRQW\SLFDOO\ OHDGVWRJURZLQJJUDLQVRIGLIIHUHQWSKDVHV LQ WKHPHWDOOLF6$&V\VWHPZKLFKDOWHUVUHVLVWDQFH
WRZDUGV DSSOLHG H[WHUQDO IRUFHV/HFKRYLþ HW DO  )RU WKH VROGHU EXPSVRQ$O2 VXEVWUDWHZKLFKKDG WKH
KLJKHVWLQLWLDOVKHDUVWUHQJWKLQWKLVH[SHULPHQWWKHVROGHUEXPSVDJHGXQGHUHOHYDWHGWHPSHUDWXUHFRQGLWLRQVKDGD
FRQVWDQWO\ ORZHUVKHDUVWUHQJWKIURPWKHEHJLQQLQJVHHILJ$IWHUHQGLQJ WKH WHPSHUDWXUHHOHYDWLRQSKDVHDQG
SXWWLQJWKHUHPDLQLQJVSHFLPHQIURPHOHYDWHGWRURRPWHPSHUDWXUHWKHUHVHHPHGWREHDQDGGLWLRQDOGURSRIVKHDU
VWUHQJWKLQWKHIROORZLQJGD\V
7KH JODVV VXEVWUDWHV DOVR H[KLELWHG WKLV GURS VHH ILJ  DQG ILJ  EXW WKH VROGHU EXPSV ZKLFK DJHG XQGHU
HOHYDWHGWHPSHUDWXUHVKRZHGQRVLJQLILFDQWO\GLIIHUHQWSURSHUWLHVWKLVSRLQW7KLVPLJKWRFFXUEHFDXVHWKHHOHYDWHG
WHPSHUDWXUHWLPHZDVWRRVKRUWWRFDXVHQRWLFHDEOHVWUXFWXUDOPRGLILFDWLRQLQWKHILUVWSODFHEXWLQWURGXFHGDORQJ
WHUP GDPDJH QHYHUWKHOHVV $OVR WKH VSHFLPHQ ZKLFK ZHUH XQGHU HOHYDWHG WHPSHUDWXUH FRQGLWLRQV JHQHUDOO\
H[KLELWHGDKLJKHUVWDQGDUGGHYLDWLRQRI WKH VKHDUVWUHQJWK IRURQHVSHFLPHQDQGD ODUJHU IOXFWXDWLRQEHWZHHQ WKH
PHDVXUHGVKHDUVWUHQJWKVRIWZRFRQVHFXWLYHPHDVXUHPHQWWLPHV7KHFDXVHRIWKLVSKHQRPHQRQFRXOGQRWEHIRXQG
EXWPLJKWEHWKHH[SODQDWLRQIRUWKHRYHUDOOVHHPLQJO\XQVWHDG\EHKDYLRURIWKHPHDVXUHGVKHDUVWUHQJWKV
)RU DOO VXEVWUDWHV WKH ILQDO VKHDU VWUHQJWK RI WKH VROGHU EXPSV ZKLFK KDG LQLWLDOO\ EHHQ XQGHU HOHYDWHG
WHPSHUDWXUH FRQGLWLRQV IRU  GD\V LV DERXW  ORZHU WKDQ WKH VKHDU VWUHQJWK RI WKH VROGHU EXPSVZKLFK KDG
DOZD\VEHHQXQGHUURRPWHPSHUDWXUHFRQGLWLRQV
,Q WKHFRPSDULVRQLQILJ WKHWKUHHH[DPLQHGVXEVWUDWHVEHKDYHGLGHQWLFDOXQGHUURRPWHPSHUDWXUHFRQGLWLRQV
UHJDUGLQJWKHDJLQJSURFHVVDQGFKDQJHVRIVKHDUVWUHQJWKV+RZHYHUWKH\KDGGLIIHUHQWLQLWLDOVKHDUVWUHQJWKV(J
WKHVKHDUVWUHQJWKVRIVROGHUEXPSVRQ$O2ZHUHFRQVWDQWO\KLJKHUWKDQWKHVKHDUVWUHQJWKRIVROGHUEXPSVRQWKH
WZRH[DPLQHGJODVVHV7KLVPLJKWEHDGXHWRWKHKLJKHUODVHUHQHUJ\QHFHVVDU\WRIRUPEXPSVRILGHQWLFDOVL]HRQ
$O2LQFRPELQDWLRQZLWKWKHKLJKHUWKHUPDOFRQGXFWLYLW\RI$O2§:āPā.LQFRPSDULVRQWRWKHWKHUPDO
)LJ'HYHORSPHQWRIVKHDUVWUHQJWKVRI6$&RQFRDWHG%)VXEVWUDWHVIRUDWKHILUVWGD\VDQGEWKHZKROHH[SHULPHQW
)LJ'HYHORSPHQWRIVKHDUVWUHQJWKVRI6$&RQFRDWHGPLFURVFRSHVOLGHVDVVXEVWUDWHIRUDWKHILUVWGD\VDQGEWKHZKROHH[SHULPHQW

D E
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FRQGXFWLYLW\ RI JODVV §:āPā. OHDGLQJ WR GLIIHUHQW FRROLQJ UDWHV ZKLOH VROGHULQJ DQG FRQVHTXHQWO\ WR
IRUPDWLRQRIGLIIHUHQWPLFURVWUXFWXUDOPDWHULDOFRPSRVLWLRQV
$OVRDVLPSOHHPSLULFDOPRGHOIRUWKHDJLQJSURFHVVDWURRPWHPSHUDWXUHZDVGHULYHG7KHDJLQJSURFHVVURXJKO\
VKRZVDQH[SRQHQWLDOEHKDYLRUIRUݐ ൏ ʹͲDQGDOLQHDUEHKDYLRUIRUODUJHWLPHV7KHUHIRUHWKHDSSURDFK
߬ሺݐሻ ൌ ܣ ݁ݔ݌ሺܽݐሻ ൅ ܤݐ ൅ ܥ   
ZDVFKRVHQ WRPRGHO WKLVEHKDYLRU6LPLODUPRGHOVKDYHEHHQSURSRVHGHJE\0DHW DO 7KH UHVXOWV DUH
JLYHQLQWDEOH)RUODUJHWLPHVݐ ൐ ͵ͲWKLVIXQFWLRQFDQEHDSSUR[LPDWHGDV
߬ሺݐሻ ൌ ܤݐ ൅ ܥ.    
&RQVHTXHQWO\ܤGHVFULEHVDORQJWHUPGHFD\RIVKHDUVWUHQJWKDQGLVLQWKHRUGHURIPDJQLWXGHRI03DāG
ZKLOHܥLV WKH LQLWLDOYDOXHRI WKLV OLQHDUSURFHVV ,WPXVWEHQRWHG WKDW WKHYDOXHRIܤLVRQO\DURXJKHVWLPDWLRQ
VLQFHWKHH[SHULPHQWKDVRQO\EHHQFRQGXFWHGIRUDERXWGD\V
7DEOH0HDVXUHGVKHDUVWUHQJWKVRIWKHH[DPLQHGVXEVWUDWHVDVILWWHGIXQFWLRQV߬ሺݐሻ ൌ ܣ ሺܽݐሻ ൅ ܤݐ ൅ ܥǤ
6XEVWUDWHPDWHULDO ܣLQ03D ܽLQG ܤLQ03DāG ܥLQ03D
$O2    
%)    
0LFURVFRSHVOLGHV    
&RQFOXVLRQ
6WXG\LQJDJLQJSURSHUWLHVRIVROGHUKDVDOZD\VEHHQGLIILFXOWGXHWRWKHPDQLIROGSRVVLEOHDSSURDFKHVDQGHIIHFWV
,Q WKLV ZRUN 6$& VROGHU ZDV LQYHVWLJDWHG IRU XVH RQ FRDWHG JODVV DQG FHUDPLF VXEVWUDWHV IRU WKH 6ROGHUMHW
%XPSLQJ SURFHVV .QRZQ SURSHUWLHV DQG PHWKRGV IURP DQDO\VLV RI WKH HOHFWURQLF LQGXVWU\ ZHUH YHULILHG DQG
DGRSWHGZKLOH VHYHUDO VSHFLDO HIIHFWV DQG QHHGV FRXOG EH GHVFULEHG ,QIOXHQFHV RI 6ROGHUMHW %XPSLQJ DQG VKHDU
WHVWLQJSDUDPHWHUVZHUHH[DPLQHGDQGWKHPHWKRGNQRZQIRUEDOOJULGDUUD\VKHDUWHVWLQJZDVXVHGWRTXDQWLI\WKH
DJLQJSURFHVVRI6$&VROGHUEXPSV$VLPSOHHPSLULFDOPDWKHPDWLFDOPRGHO IRU WKHVKHDUVWUHQJWKKDVEHHQ
GHYHORSHGWRGHVFULEHDJLQJRIODVHUMHWWHG6$&DWURRPWHPSHUDWXUH
)LJ'HYHORSPHQWRIVKHDUVWUHQJWKVRI6$&IRUDOOH[DPLQHGVXEVWUDWHW\SHVDIWHUDJLQJDWURRPWHPSHUDWXUHZLWKORJDULWKPLFWLPHVFDOH
7KHGRWWHGOLQHVPDUNILWVRIIXQFWLRQV߬ሺݐሻ ൌ ܣ ሺܽݐሻ ൅ ܤݐ ൅ ܥWRWKHPHDVXUHGGDWD7KHILWWHGSDUDPHWHUVDUHJLYHQLQWDEOH

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$FNQRZOHGJHPHQWV
7KHSUHVHQWHGZRUNZDVSDUWLDOO\IXQGHGE\WKH)HGHUDO0LQLVWU\RI(GXFDWLRQDQG5HVHDUFK%0%)ZLWKLQWKH
LQLWLDWLYH ³8QWHUQHKPHQ 5HJLRQ ± :DFKVWXPVNHUQ )R´ DQG WKH SURMHFW ³8QWHUVXFKXQJ XOWUDSUl]LVHU )UHLIRUP
V\VWHPH´ ).= :.&.%7KH DXWKRUVZRXOG OLNH WR WKDQN6*UDPHQV DQG%=DDJH IRU VXSSRUW UHJDUGLQJ
VSHFLPHQSUHSDUDWLRQVKHDUWHVWLQJDQGLPDJHSURFHVVLQJ
5HIHUHQFHV
%HFNHUW(%XUNKDUGW%(EHUKDUGW57QQHUPDQQ$6ROGHU%XPSLQJ±DIOH[LEOH-RLQLQJ$SSURDFKIRUWKH3UHFLVLRQ$VVHPEO\RI
RSWRHOHFWURQLFDO6\VWHPV0LFUR$VVHPEO\7HFKQRORJLHVDQG$SSOLFDWLRQV)RXUWK,QWHUQDWLRQDO3UHFLVLRQ$VVHPEO\6HPLQDU±
0D+6XKOLQJ-&=KDQJ</DOO3%R]DFN0-7KH,QIOXHQFHRI(OHYDWHG7HPSHUDWXUH$JLQJRI5HOLDELOLW\RI/HDG)UHH6ROGHU
-RLQWV(OHFWURQLF&RPSRQHQWVDQG7HFKQRORJ\&RQIHUHQFH±
=KRQJ&+<L66ROGHUMRLQWUHOLDELOLW\RISODVWLFEDOOJULGDUUD\SDFNDJHV6ROGHULQJDQG6XUIDFH0RXQW7HFKQRORJ\9RO,VV
±
$PDJDL 0 :DWDQDEH 0 2PL\D 0 .LVKLPRWR . 6KLEX\D 7  0HFKDQLFDO FKDUDFWHUL]DWLRQ RI 6Q$JEDVHG OHDGIUHH VROGHUV
0LFURHOHFWURQLFV5HOLDELOLW\±
$QGHUVRQ ,(+DUULQJD -/(OHYDWHG7HPSHUDWXUH$JLQJRI6ROGHU-RLQWV%DVHGRQ6Q$J&X(IIHFWVRQ-RLQW0LFURVWUXFWXUHDQG
6KHDU6WUHQJWK-RXUQDORIHOHFWURQLFPDWHULDOV9RO1R±
/HFKRYLþ(+RG~ORYi(6]HZF]\NRYi%.RYDĜtNRYi,8OULFK.6ROGHUMRLQWUHOLDELOLW\6ORYDN8QLYHUVLW\RI7HFKQRORJ\±
/DPSH%75RRP7HPSHUDWXUH$JLQJ3URSHUWLHVRI6RPH6ROGHU$OOR\V:HOGLQJ5HVHDUFK6XSSOHPHQW±
&KRX*-0LFURVWUXFWXUH(YROXWLRQRI6Q3EDQG6Q$J&X%*$6ROGHU-RLQWVGXULQJ7KHUPDO$JLQJWK,QWHUQDWLRQDO6\PSRVLXPRQ
$GYDQFHG3DFNDJLQJ0DWHULDOV±
'LQJ0=:DL/&=KDQJ65DR96 (YDOXDWLRQRI/DVHU6ROGHU%DOO -HWWLQJ IRU6ROGHU%DOO$WWDFKPHQW3URFHVV ,(((WK
(OHFWURQLFV3DFNDJLQJ7HFKQRORJ\&RQIHUHQFH±
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